Background information. Mechanical forces play an important role in the organization, growth and function of living tissues. The ability of cells to transduce mechanical signals is governed by two types of microscale structures: focal adhesions, which link cells to the extracellular matrix, and adherens junctions, which link adjacent cells through cadherins. Although many studies have examined forces induced by focal adhesions, there is little known about the role of adherens junctions in force-regulation processes. The present study focuses on the determination of force transduction through cadherins at a single cell level.
Introduction
Many processes involved in tissue remodelling and differentiation, such as cell sorting, cell migration, cell intercalation, epithelial polarization and neurite outgrowth, rely on co-ordinated cell adhesion and rearrangement of the cytoskeleton, allowing the cell to apply mechanical stress on its environment. Conversely, external mechanical stress collectively applied by neighbouring cells may be transduced into biochemical signals through force-dependent changes in cytoskeleton geometry and tension (Orr et al., 2006) . Cells adhere and transmit forces through the formation of adhesive bonds between their membrane and the environment. These bonds are formed by cell membrane receptors which can bind either to elements in the ECM (extracellular matrix) or to adjacent cells. Mechanical stresses that are both applied and sensed by the cell are transmitted across the membrane by the arrangement of adhesion receptors in adhesions plaques, their anchorage to the cytoskeleton and their coupling to the intracellular contractile apparatus; however, the precise mechanics of these interactions are not known (Lambert et al., 2002) .
Several tools have been developed to accurately quantify and localize mechanical stresses between cells and their environment. Mechanical stresses developed by cells are typically in the nN range (Choquet et al., 1997) . In particular, traction forces at the cell-ECM interface have been characterized by different methods based on the deformation of elastic substrates (Galbraith and Sheetz, 1997; Beningo et al., 2002; Tan et al., 2003; du Roure et al., 2005) . Although these studies provided important results concerning the development of traction forces at adhesion plaques formed by integrins at the cell-ECM interface (focal adhesion), nothing is known at a cellular level about mechanical forces developed through cell-cell contacts.
Cadherins constitute the major family of adhesion receptors mediating cell-cell interactions (Takeichi, 1995; Yap et al., 1997) . Cadherins mediate Ca 2+ -dependent intercellular adhesion, notably within specialized structures such as adherens junctions, by forming homophilic bonds with cadherins from adjacent cells. They consist of an extracellular adhesive domain, a transmembrane region and a cytoplasmic domain, which is linked, via α-catenin, p120 phosphoprotein and β-catenin, to the actin cytoskeleton (Yap et al., 1997) . The way cadherins are organized at intercellular contacts is, however, subject to controversy, and several models have been proposed (Troyanovsky, 2005 ). It appears, nonetheless, that cadherins dimerize at the cell surface and interact with dimers of the same nature to initiate the formation of oligomeric adhesion plaques that are stabilized by the actin cytoskeleton inside the cells (Bershadsky, 2004) .
In order to mimic cell-cell interactions, we designed a chimaera comprising the N-cadherin (neural cadherin) ectodomain coupled to a mouse IgG Fc fragment (Ncad-Fc) (Lambert et al., 2000) . When immobilized on different surfaces, this recombinant ligand interacts with endogenous N-cadherin from living cells and triggers specific adhesion processes comparable with those that occur at cell-cell junctions. In particular, it allowed the observation of the recruitment of cadherin-catenin complexes and actin filaments in focal adhesion-like structures, socalled cadherin adhesions (Gavard et al., 2004a) . This versatile tool has provided important results in the formation of cadherin contacts and subsequent cell responses in various systems (Noren et al., 2001; Kovacs et al., 2002; Lambert et al., 2002; Gavard et al., 2004b; Marthiens et al., 2005) .
In the present study, we combined the use of this chimaera with the microfabrication of closely spaced PDMS [poly(dimethylsiloxane)] micropillars (du Roure et al., 2005; Saez et al., 2005) to study the forces developed by cells via cadherin contacts. We developed a micropatterning method to selectively coat the Ncad-Fc chimaera on the top of the micropillars. The pillars act as simple cantilevers so that their deflection, in a linear regime of deformation, is proportional to the local force applied by the cell. The force-deflection relationship is given by eqn (1):
where r, L and x are the radius, length and deflection of the pillar respectively, and E is the Young's modulus. We used C2 myogenic cells expressing endogenous N-cadherin and characterized previously for their interactions with cadherin-coated surfaces (Gavard et al., 2004a) . Cells were encouraged to adhere and spread on top of these N-cadherin-coated micropillars. Therefore, by measuring the pillar deflection, we assessed for the first time the mechanical stress transduced at cadherin contacts in conjunction with fluorescently labelled β-catenin and F-actin localization. We compared the forces induced through cadherin contacts in different cell lines expressing Ncadherin, C2 and GT1-7 cells. Then, we analysed and compared those results for traction forces exerted by C2 cells on fibronectin-coated micropillars via integrin receptors.
Results
Choice of µFSA (micro-force sensor array) geometry and PDMS functionalization by cadherin immobilization
To quantify the mechanical stress exerted by cells through cadherin adhesion receptors, µFSAs made with pillars of radius (r) = 1 µm, length (L) = 3.4 µm and a spacing distance centre-to-centre (d) = 4 µm were chosen (see the Materials and methods section). These dimensions correspond to a spring constant of 100 nN/µm (eqn 1). We first coated the pillars uniformly with recombinant N-cadherin by immuno-adsorption ( Figure 1A ). C2 cells attached and spread across multiple pillars; however, they developed multiple protrusions going down the length of the pillars (data not shown), rending force measurement inapplicable. To restrict cell adhesion to the tip of the pillars, we immunoabsorbed N-cadherin to only the top of the pillars, which had previously been rendered highly hydrophobic by silanization (see the Materials and methods section). This method provided an extremely localized and homogeneous coating of the micropillar ( Figure 1B) .
Morphology of C2 cells on N-cadherin functionalized µFSAs
To further test the functionality of chimaera-coated pillars, C2 mouse myogenic cells were placed on to the coated µFSAs, to which they bound and spread specifically. No binding was observed on BSA-coated pillars. SEM (scanning electron microscopy) experiments confirmed this attachment, and further revealed that under these conditions cell protrusions did not invade the pillar arrays ( Figures 1C and 1D ). However, cells remained less spread (∼400 µm 2 ) compared with cadherin-coated flat PDMS surfaces (∼1000 µm 2 ) or glass coverslips (Gavard et al., 2004a) . Cells appeared attached by thin protrusions which ended on the top of the pillars. Preparations were further analysed by immunostaining for the recruitment of cadherin-adhesion-complex components, as shown for β-catenin, p120 and actin (Figure 2) . Increased accumulation of these markers was observed at the tip of some micropillars, mainly at the cell periphery, as well as at cell-cell contacts. Strikingly, the majority of F-actin staining was observed in thin cell extensions and at their contact sites with coated pillars.
Force measurements at cadherin-cadherin junctions
When adhering strictly to the top of the micropillars, living cells exert forces locally on the tip of each pillar, which deflect independently from each other (du Roure et al., 2005) . We used a custom-made multi-particle tracking technique to detect micropillar positions for each image of the acquired timelapse sequence. The pillar positions were determined with an accuracy of ∼30 nm (see the Materials and methods section). The applied forces were immediately deduced by multiplying the displacements by the spring constant of the pillars (eqn 1). We thus analysed the traction forces that cells exerted on cadherin-coated µFSAs. Cells were observed for 30 min, and the force distribution patterns were analysed ( Figure 3A ). We observed massive and dynamic deflections of the pillars, demonstrating that measurable mechanical stress was indeed transduced through cadherins. To quantify cadherin-mediated cell forces, Figure 2 Immunolocalization of cadherin-associated adhesion complexes in C2 cells spread on µFSAs (A-C) Confocal imaging of immunofluorescent stainings for Ncad-Fc (blue), cellular β-catenin (red) and F-actin (green) were performed on cells spread for 3 h on µFSAs. (D-F) Confocal imaging of immunofluorescent staining for cellular p120 (red) and F-actin (green) was also performed on similar preparations. Note that co-localization of catenins and F-actin at cell-cell and peripheral cell-pillar contacts. Scale bar, 10 µm.
the position of the tip of the pillars underlying the cell was tracked, and then the magnitude and direction of deflections were calculated. We observed that maximal forces were localized at the edges of individual C2 cells and directed towards their centre ( Figures 3B  and 3C ). These observations are indicative of the accumulation of cadherin-associated proteins and F-actin at the periphery of the cell observed after immunostaining. During these highly dynamic processes, the measured maximal force, F max , applied by the cell on peripheral pillars reached 50 nN. In order to verify that this behaviour was not cell-type specific, we then studied the force exerted by GT1-7 cells on N-cadherin-coated µFSAs (Figure 4) . Indeed, these cells of hippocampal origin also express endogenous N-cadherin and form cadherin adhesion complexes when seeded on to Ncad-Fc substrates (Marthiens et al., 2005) . The overall pattern of traction forces exerted by GT1-7 cells was similar to the one observed with C2 cells, with even stronger centripetal forces detected at the cell margin ( Figure 4B ). Maximum tensions were concentrated at the edges of the cell ( Figure 4C ).
To quantify traction forces exerted by a cell on µFSAs, forces were detected for all the pillars over time for different images and then the data were analysed. Figure 5 (A) shows the force distribution for several images of the same C2 cell spread on Ncadherin-coated µFSAs. Despite a large dispersion in the distribution of the force magnitude due to a large variability of the mechanical activity within a single cell, the mean value of the forces was approx. 15 + − 2 nN ( Figure 5A ). Similar results were obtained by repeating these experiments with ten C2 cells on cadherin-coated µFSAs. These results were compared with forces developed by GT1-7 cells on the same N-cadherin-coated substrate. Figure 5(B) shows the typical data for the forces induced by a GT1-7 cell. Again, by plotting the traction forces over the population of GT1-7 cells analysed, we obtained a mean force of 14 nN + − 2 nN, a result comparable with the one obtained for C2 cells. Maximum forces were approx. 60 nN due to the activity at the edges of the cell, as shown in Figure 5 (B), and were also very similar to the maximum force value obtained with C2 cells (Figure 5A ).
We then compared our results with traction forces developed by C2 cells adhering to fibronectin-coated µFSAs via integrin receptors ( Figure 5A, inset) . We used a similar procedure to restrict functionalization to the tip of the pillars. C2 cells spread similarly on fibronectin-coated µFSAs than on cadherin-coated ones. The force pattern observed on fibronectin presented similarities with the one de- termined on cadherin (see Supplementary Figure 1 at http://www.biolcell.org/boc/098/boc0980721add. htm). Large traction forces were observed on the edge of the cell. We obtained, however, significantly higher values for the mean force (30 + − 2 nN) on fibronectincoated substrates than on cadherin-coated ones (Figure 5A) . These results could be attributed to differences in coating efficiency. However, it is worth noting that fibronectin-and cadherin-coating densities used in the present study correspond to conditions where C2 cells form adhesion plaques (focal adhesions and cadherin adhesions respectively). Moreover, our observations with µFSAs were in agreement with previous results using a flat substrate, showing that C2 cells did not migrate on cadherincoated substrates (Gavard et al., 2004a) , whereas they were motile on fibronectin-coated substrates.
Discussion
Transduction of mechanical stress from cell to cell is a major cell adhesion-associated signal, contributing to morphogenetic movements during development. Cadherin-mediated cell adhesion is crucial for extension convergence during gastrulation, neural-plate bending and segregation during neurulation, nuclei formation and neurite outgrowth during nervous development, border cell migration in Drosophila oogenesis or cardiac cell cohesion (Gumbiner, 2005) . Surprisingly, nothing is known about the mechanotransduction associated with cadherin-mediated cell-cell contacts. We provide for the first time an accurate measurement of forces transduced at cellcell contacts, and therefore demonstrate that cadherins can transduce mechanical stress, extending the implication of the results largely beyond N-cadherinmediated contact in muscle cells.
The adhesion ligand was restricted to the top of the pillars. Indeed, we observed that C2 cells on fully coated pillars had a strong tendency to send protrusions into the microneedle bed and 'dive' downwards. This behaviour was not observed on fibronectincoated surfaces with either C2 cells or MDCK (Madin-Darby canine kidney) cells (du Roure et al., 2005) . 'Diving' was not observed for MDCK cells spread on Ecad (epithelial cadherin)-Fc (data not shown), indicating that the tendency to assume the shape of the pillars may be a specific cell response to cadherin engagement that is linked to a atypical nature of the actin cytoskeleton in C2 cells. Conversely, we did not observe the extensive C2 cell spreading which is normally observed on flat substrates (Gavard et al., 2004a) , indicating that these cells were sensitive to the micropatterned presentation of the ligand. Nevertheless, the sites of cell attachment at the tip of the pillar remain functional, as indicated by catenins and actin recruitment. C2 cells had slightly different shapes on fibronectin and on cadherin, which is also the case with flat substrates. Further studies, using micropatterning to change the density or the geometry of Ncad-Fc ligand presentation may be helpful in addressing these questions and unravelling mechanical responses essential for cell contact formation.
Functionalized µFSA is a versatile tool to study mechanical stresses associated with various cell adhesion receptors, because surface coating can be well controlled and changed to compare different adhesion proteins, in particular using various Fc chimaeras. The present data demonstrate the ability of two cell types interacting with N-cadherin-coated microfabricated substrates to exert forces of approx. 15 nN. A rough estimate, assuming a nearly two-dimensional close packing of cadherins, leads to a force per molecule in the adhesion site of the order 10 pN, which is similar to the value obtained in single-molecule experiments (Baumgartner et al., 2000) . One could now study the influence of parameters such as cadherin density or pillar stiffness on mechanical stress transduced through cadherin contacts. By combining this technique with real-time fluorescence imaging, it would be possible to correlate the dynamics of cadherin-associated proteins with local forces detected by the µFSA.
The forces transduced by cadherins were comparable with the one transduced at cell-ECM contacts, since there was only a factor of 2 between the two calculated mean forces. They present also the same distribution at the cell edge, and the same directionality towards the cell centre. We also observed differences concerning cell behaviour on both substrates. As predicted from previous studies on flat substrates (Gavard et al., 2004a) , C2 cells spread on Ncad-Fc µFSA were not mobile, whereas they displayed an expected mobility on fibronectin. It is tempting to relate this difference in mechanosensitivity to the main role played by these two classes of receptor, in the transmission of forces applied by neighbouring cells at adherens junctions during cell remodelling and reshaping, and in transduction of forces generated by the cell's motility apparatus on the ECM at focal adhesions during oriented cell migration respectively. However, applying Ncad-Fc-coated microparticles by optical tweezers on to C2 myogenic cells (Lambert et al., 2002) or hippocampal neurons (Thoumine et al., 2006) , we have shown previously that cadherin engagement induces their rapid coupling to the actin treadmilling and backward transport. This coupling is dependent on the Rac1 small GTPase, followed by further recruitment of cadherin-catenin complexes and actin filaments, suggesting that cadherin mechanical coupling may rely on the organization of adhesion plaques similar to the ones formed by integrins at the cell-ECM interface (Bershadsky et al., 2003) .
In conclusion, we have shown that cells can exert forces through cadherin adhesions, similar in amplitude to forces exerted at cell-matrix adhesions. This result emphasizes the role of cell-cell adhesions in mechanotransduction. The ability to quantitatively measure forces developed through cadherin adhesions would help to understand the role of tension at cellcell junctions. To maintain the stability of a multicellular organism, it is critical that cells remain stably associated with one another within specific tissues and migrate out only upon receiving appropriate signals. In addition, tissue growth and compaction during morphogenesis generate substantial compressive forces (Hutson et al., 2003; Nelson et al., 2005 ) that could partly be regulated by cell-cell contacts.
Materials and methods

Fabrication of the PDMS micropillars for µFSA
PDMS micropillar arrays were prepared according to du Roure et al. (2005) . Briefly, using conventional photolithography followed by a deep-etching process (Bosch process), silicon wafers were patterned with an array of cylindrical pits, and the desired pattern was replicated by positive photoresist by photolithography. Bare parts of the wafers were then etched by the deepSi-etching process down to the desired depth to obtain the negative pattern of the array. A liquid Si, poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning), was poured over the silicon template, incubated at 65
• C for 12 h and peeled off the wafer.
Determination of pillar spring constant
The method has been described previously (du Roure et al., 2005) . Briefly, we used dimensionally calibrated macroscopic cylinders of this material and measured their compression under a fixed normal strain to evaluate the Young's modulus, E, of the PDMS. As E depends on the PDMS incubation time, we used a consistent time of 12 + − 2 h at 65
• C that corresponds to a Young's modulus of 1.7 + − 0.1 MPa. By performing SEM observations, we measured the dimensions of the pillars (r, L) and calculated their spring constant according to eqn (1). We also used calibrated glass microplates, obtained as described previously (Desprat et al., 2005) , to directly evaluate this spring constant and comparable values were found for both methods.
Coating of PDMS surfaces
The silicone pillar microarrays (1 cm 2 ) were cleaned using an air plasma treatment (Plasma cleaner, Harrick Scientific) for 1 min and silanized under vacuum using tridecafluoro-trichlorosilane (ABCR). A 100 µl drop containing 5 µg of anti-IgG antibodies (either human or mouse; Jackson ImmunoResearch Laboratories) in 0.1 M borate buffer (pH 8) was added to the silanized substrate, and gently pressed against the entire surface with a glass lamella and left to adsorb overnight at 4
• C. Capillarity ensured that the solution did not penetrate between the pillars and thus antibodies only adsorbed at the top. When carried out for our studies, this method provided a more homogeneous coating than microcontact printing (Chen et al., 1997) .
The substrate was then rinsed with PBS. A 100 µl PBS drop containing 10 µg of Ncad-human Fc or Ncad-mouse Fc chimaeras (Lambert et al., 2000; Thoumine et al., 2006) was left to react with the previously adsorbed antibody for 1 h. For fibronectin coating, a 80 µl drop of fibronectin (50 µg/ml; Sigma Aldrich) was pipetted on the silanized substrate, flattened with a glass lamella and left to adsorb overnight at 4
• C. To avoid further non-specific protein adsorption on the substrate, and thus prevent unspecific cell adhesion, µFSA were saturated by immersion in PBS buffer containing 3% BSA, 0.1% Tween 20 for 1 h and then rinsed with PBS.
Cell handling
C2 mouse myogenic cells were cultured in DMEM (Dulbecco modified Eagle's medium), containing 10% fetal calf serum at 37
• C in 7.5% CO 2 . Hippocampal mouse GT1-7 cells (Mellon et al., 1990) were grown at 37
• C, 5.5% CO 2 , in DMEM with 4.5 g/l glucose supplemented with 10% fetal calf serum. Before each experiment, cells were mechanically detached from the culture flask in the presence of PBS, 3.5 mM EDTA and 2% BSA, as described previously (Gavard et al., 2004a) . Cells were re-suspended in DMEM and deposited on functionalized arrays, and then incubated at 37
• C for 3 h.
Immunofluorescent staining
Cells on µFSAs were fixed for 10 min at room temperature using 3% formaldehyde/4% sucrose in PBS, rinsed in PBS and permeabilized for 5 min with 0.5% Triton X-100 in PBS, after which they were blocked overnight with 3% BSA in PBS and rinsed again in PBS. They were then incubated for 1 h with a monoclonal anti-chicken N-cadherin antibody (GC4) and a polyclonal anti-β-catenin primary antibody (Sigma) at 1:500 dilution in PBS/BSA, rinsed, incubated for 1 h with anti-mouse TRITC-and/or anti-rabbit Alexa 633-conjugated antibodies (Jackson ImmunoResearch Laboratories) at 1:500 dilution, then rinsed in PBS. p120 was revealed with a polyclonal anti-p120 antibody (Santa Cruz Biotechnology) followed by anti-rabbit Alexa 546-conjugated antibody (Jackson ImmunoResearch Laboratories). The actin cytoskeleton was stained with Alexa 488-phalloidin (Molecular Probes) at 1:1000 dilution, after which the cells were rinsed in PBS. Preparations were mounted in Mowiol, 90% glycerol and PBS.
Confocal scanning microscopy
Images were captured with a Leica confocal imaging system (TCS4D) fitted with a ×63 oil immersion objective (NA = 1.32). Acquisitions were carried out in sequential mode using excitation beams at 488, 543 and 633 nm corresponding to maximum excitation wavelength of GFP (green fluorescent protein), TRITC and Alexa 633 respectively. The pinhole was adjusted to 1 and the zoom to 2 (β-catenin) and 4 (p120). Optical slices were 0.4 µm and 0.5 µm in depth respectively. Each image captured corresponded to an average of three scans. For β-catenin, one image was chosen from the z-stack. For p120, two successive images were merged.
SEM
Cells cultured on a µFSA for 2 h were fixed with 4% paraformaldehyde in PBS for 1 h and rinsed 3 times with PBS buffer, and then dehydrated by rinsing through graded ethanol/water mixtures (50%, 70%, 80%, 90% and 100%; each step for 10 min at 4 • C). Ethanol was then slowly exchanged successively by amyl acetate and liquid CO 2 . Finally, samples were dried using the critical point method and then covered by a thin layer of gold.
Live-cell imaging
Videomicroscopy experiments were performed on an inverted Olympus microscope IX71 (equipped with a ×60 objective and a heating stage maintaining a controlled temperature of 37
• C) coupled to a Cascade digital camera (Roper Scientific). Acquisitions were started 3 h after the deposition of cells on the µFSA. Images were recorded every 5 to 10 s for 20 min to 1 h.
Image analysis and calculation of traction forces
We developed an accurate method to determine pillar deflections from their standard position. With bright-field microscopy, pillars acted as wave guides and appeared brighter than the background. Thus we were able to identify the position of a pillar with good accuracy (∼30 nm) by carrying out a Gaussian fit over the corresponding bright pixels. To measure the deviations of the micropillars, we then determined their ideal position by using the regular hexagonal lattice of the array (Figure 2 ). Forces were deduced from eqn (1) by multiplying these deviations by the spring constant. The spatial resolution of the force mapping, given by the periodicity of the micropillar array, was 3 µm. The forces were represented by drawing a vector on each pillar whose length was proportional to the force intensity. We also used an alternative way to represent the spatial distribution of force magnitudes by attributing a colour level to each pillar.
